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Advances and challenges in predicting agricultural
manaemen I effects on soil hydraulic properties
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Agricultural management practices can significantly affect soil hydraulic properties and processes
in space and time. These responses are coupled with the processes of infiltration, mnofT erosion,
chemical movement, and crop growth. It is essential to quantify and predict management effects on
soil properties in order to model their consequent et’licts on production and the environment. W
present ork done thus fur on tins topic area along th the challenges that lie ahead. The efticts of
tillage and reconsolidauon. wheel-track soil compaction. crop residue manaement. macropore
development and management interactions with natural sources of variability, such as topography,
are addressed. Whether explicitly or implicitly, the available tield studies include interactions
between treatments, such as tillage. crop rotation and residue management. (‘ontrolled equipment
traffic has been shown to have signiticant elThcts on soil compaction and related hydraulic properties
ni some soils and climates, hut in others, landscape and temporal variahilirs overwhelm any effects
of s heel tracks, New research results on wheel-track ctfccts in Colorado are highlighted along with
initial attempts to predict their effects on hydraulic properties. The greatest challenge for the future is
improved process4iased prediction using a systems approach to i.nclude tightl.y coupled process;
interactions i.n space and ti.me
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soi.l hydraulic properties of interest are soil porosity, soilwater contenrtmatric poteritia.i
relationship (0(h), commonly called the soilwa.te.r retention characteristic), and h.ydrauiic
conductivity as a function of soi.lwater content or potential, K(0) or K(h), A pr.rticuiar goal
is to. characterize the ma.nagement.ind.uced temporal and spatial, variability in ohserve.d or
estimated soil hydraulic prope.rties and processes. The.re is limited infbrmation rva.ilabie on
this topic area, despite many field studies of soil variab.ility and mrnager’ ent effects, The
sprrc.ity’ of quantita.tive research on ma.nagement effects has been noted a.t variou ti.mes i•n.
the lltLniturc (Cissel 1983 Mapa t ci 19m Hill 1990 Ciessnell U ci 1993 sin Es U
ai,, 1999)..

Nevertheless, we fou.nd many studies in the literature relating management practi.ces to
soil h.ydrauhc properties and processes in a nompredictive sense, .A. comprehensive
review of this literature is beyond the scope of this paper. Instead, we fricus on the
available quan.titative, predic.tive studies and hig.hlight the need.s ansI c.hallenges for
further work.

2 Tillage and reconsolidation

Tiliage is the most widely researched management practice affecting soil hydraulic
properties and processes in the field, Results of tillage treatments, however, have not
always been consistent across locations, soils and experimental designs (Klute, 1982;
Hines. 1986; Ahuja and Nielsen, 1990). This situation has not changed.

Nontillage (NT) and minimum tillage (MT) have been compared with various convem
tional tillage (CT) practices over different time periods with mixed results, In general, the
tendency in the long term is for NT to increase macropore connectivity while leaving total
porosity and soil bulk density unchanged compared with CT practices. This corresponds to a
general increase in ponded or nearszero tension infiltration rates and saturated hydraulic
conductivity K. Deeper movement of surfacmapplied tracers has also been observed under
NT The results were inconsistent across soi..ls, climates, and C.T practices, however, and t.his
may be due to spatial and temporal “noise” (natural and managementrinduced variability
that cannot be isolated3. Thus, given the current state of knowledge conceming ‘NT versus
CT, it is not possible to extrapolate the results from any given study without detailed
informatio.n on all controlling factors, Such. i.nconsistencies motivate the need for estabIish
in.g causal.ity and quantitative prediction of tillage effects on soil hydrau.lic properties., a.s well
as the need to identify spatial an.d temporal. variabil.i’ty prior to comparison between tiIl.age
treatments,

Spatial and tempora.l variability have often overshadowed the partic.u.lar management
treatments stud.ied, Logsdon et al. (:1993), for example, note’.d that temporal variahil’.ity in
real systems can oversvhelm treatment effects. Even w’ith intensive measuremen.ts on a
rel.a.tiveiy uni.fbrmi’y cu,ltivated field, Logsdon an,.d. Javnes (.1936) w””ere unable to captu..re
the complexity of spacestime variahi.lity in K. van Es (.1.993) showed t’hat the ti.llage eflh.cts
on infiltration varied temporally (within a” season) and spatial.ly (within fields and be’tw’een
rows) un,der p’lowed a.nd ridge4il.led cor’n. Later, van Es e’t al. (‘1999) (Lund that. tii.Iage an.d
temporal effkcts’were greatest Kr medi’um” a”n.’.d fine4extured soils, and spatial variabi.lity
in ‘water retention parameters was significant.



I here have been some controlled studies on measurement ot the shortacim effacts 0f

ii lace and subsequent reconsolidation on soil hr draulic properties that aid quantification

and prediction of these effects. The fact that tillage intiallv d reases soil hulk density and
increases porosity is well established. The increase in bulk density and decrease in porosity
due to natural reconsolidation during cycles of wetting and dr ing after tillage has been
studied by several i.nvesti•g.at.ors (Cassel, 1983 Ons ad et , 1984; Mapa et at, l 986;
Rousseva et aL 1988).

Map:t et al, (1986) were the first to conduct controlled experiments in the field and
laboratory to measure the initial effects of tiliage and the efthcts of wetting and chying
cycles fbllowing tiliage on porosity, sorp ivity, soiiwater retention characteristics and
unsaturated hydrcuhc conductivity relationships of two tropical (Flawaii) soils: Molokai
silty clay loam (Typic Torrox) and Waialua clay loam (Vertic Flaplustolis) on the island of
0 ‘ahu. Drip irrigation provided intemiittent wetting fdllowing plowing. The effects of
wetting and drying c.ycies on sorptivity are shown in Fig. 1 for both soils, where an
asymptotic vtiiue is reached after only two cycles. Note that”Cycle 0” is posrttiilage and
prmwetting. Wrter retention characteristics also displayed distinct changes over the iow
suction/big.hwatermontent range after only one wetting/dryinu cycle, and corresponding
results were shown for unsaturated hydraulic conductivity. Finally, the authors demoas
sirated the effects of such temporal changes in hydraulic properties on predicted soilwater
profiles.

Based on the above and related controlled studies, the current concepts for prediction of
the efiCcis of tillage and subsequent reconsolidation on soil hydraulic properties are
described below.

2.1. JVetlittini.t soil porasuv and bulk densitt’

The total soil porosity rt. is related to soil hulk density as:
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exists in the literature on quantif’ing these changes. An. approximate empirical equation
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an asinp(otic inaniier I )nstad ct il. lO4) c’a’ e he tdilwme emnincal eutiott to
describe changes i.n hulk density of a til.ied soil over time.

here s is the bulk density just after tillage., p) is t..he bul.k density over time, t(1) ig the
cumulative rainfall or applied water, and a is an cmpirtcal constant. Thus, time is
expressed in terms at cumulative raititali. Comparison of Fq. 13 wtth data shows that
the bulk density reached a near—maximum value at about 0 cm of simulated ramthll
applicatio.n. Result.s of Rousseva et al. (1988) showed tl.at hulk density d.id not reach a
plateau even at much hitcher amounts of rainfall. Eq. (TI can he modified to allow this
behavior by replacing the term 1 t 1’) by (h Ti where S is another constant. linden and
van Doren (I 087) gave another algorithm thr changes tn total porosity Q (directly related
to hulk density) of a tilled soil as a double exponential function of cumulative rainfall
energy and cumulative rainfall amount. A modified form of this equation has given
reasonable results in applications of the Root Zone Water Quality Model (Ahua ci al.,
2000). Further research is ne-eded fOr testinic the physical basis and improvement of the
a.hove equations.

2.2, PretJtctfiy linnees to sod-water rr’reIiiiwt t’haracterlsfwc, OCr

Gupta and Larson (1979) and Rawis et al. (1982, 1983) presented regression equations
to predict water content, 0, at fixed matric potential, Ii, values from soil texture, hulk
density, and organic matter content. Knowing the change in sod bulk density due to tillaice
from Eq. (2) and due to subsequent reconsolidanori from Eq. i3 . one could use these
regression equations to estimate the changes in (1(h) curves, Application and testing of
these equations to predict changes in 0(h) brought about by tillage and reconsolidation is
aevaitine futute research.

huni et a) I 908) ptsposed ii practical method for estmaitne the soil—n ater retention
characteristics of a tilled soi.l from that of an u.ntilled soil, given the change in porosity or
bulk density. Previous fiel.d measurements have shown that most of the dynamic changes
n -‘r. e i’orth a ir. r ii n i nd u th t u 0

the soil—water retention curve Hembli a and- Te-nnant. SOS l:le ndstrom and (hns.ied I OS—f
Mapa e.t aS,, 086). tOther results also i.ndi.c:.ited that the air-entry or the bubbling pressure
value is not significantly affec.ted by tillage (.Powers et al., 1992). These findings in the

t 1 0 \h a I r s” s r —w r F j ‘is’ s. I

in parameters the Ftm f’v ;ra1 urev ft 304) 10mm of’ Li( hi :.n rye caused by 0. end
subsequent reconsv mtation. The sim.pier of the t.wo methods (Meth.od 1) is sumnma rizec.l as’
follows:

,L” 0 1 1 5 t t 0 , ‘1 —

assumed. known tmom Ec1s. S and 3) presented above.
2. The residual. water content, I),, a.nd the bubbling. pressure he .0 pars:meter h5 of the soil
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3. The paramete.r 3, slope of tl.ie iog.ti log It line below I, increases with tillage in the wet
range on •.y, between h = h and h 10 h5. In this range of hi the tilled soil value,. Ain is
computed from til led soil saturated water content, hint:

iO II.. .. f... -. iortn I 0i

- I 0’

4. Below the above range, i.e., fbr h values < 10 4, t.he 4 value does not change.

\lethod 2 s based on similar assumptions. escept that between hi. and 10 h the f
assumed to change mverselvw oh the It value. F nt. 2 shows the results of Method 2 to
the expertmental data from \lapa ci al. I 90

2,3, Predicting changes in hydraulic conductivitg .K(h)

1 i atui n.d hi di iuli, onduL’ls r k \ huj l 0,4 ‘\) 1 a1 tbat
iriodified Kozenv - Carmen e’ejuanon of the form

K, = B

is applicable to a wide range of soils from the southern region of the U.S., Hawaii and
Arizona, where B and ii are empirical coefficients. 1-lere. rf is the effective porosity.
calculated as the saturated water content U,ft minus the water content at 33 kPa maine
suction. Even though the coefficients of Eq. (5. fitted to the data. ‘ aried slightly oh soil
type. Eq. (5) fitted to K, data (hr nine different soil series had an r a.s good as for
individual soil series. In other words, Eq. (5) exhibited a degree of universality. In fact, the
coefficients, B, and n obtained from the above fit of Eq. (5) to data for nine soils, estimated
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A. ith ecentabie teJuracv fOr seeraI soils trom Korea A huia et al OSl) ) and a
it tv 1 us tram Indiana F tnn I ) Ii \l n ) pi sLnnd dat i br s m

Norwegian souls for which Eq. (5) bit the data fOr mdix dual souls well, although the
coelticuents varied slightly with soil type. Some ol these soils had huch clay contents and
likely exhihited shrinkswell behavior, which could possubl affbct the values of the fitted
coeflicients. Rawls et al (1998) thund that n S S for the textural class mean K values.

ur,lur, .t a i 9Q9 prosented a slightly umpro d Li suon n I q () by mci rporatung the
effOct of. slope A of the 6(h) curve.

Once the 0(h) curve of the tilled soil is obtained from the previous equations, the new
and 0 are used to obtain the new in Eq (51 St hst tutmuh the e in Eq (5) then
arovides the new K5 value. The other parameters of the ASh) curve of the tilled s.of.. are
determined from i.he parameters of the new 0(h) curve of th tilled soil, based on the w ork
of Can.pbeli (1974) and oth err.

Cornegna et al (2000) adopted the approach. of A.huja et al (1998) to scale the spatial
distributions of effective porosity and K. They found no significant difference due to
tillage treatments (conventional and minimum tillage) between the distributions of soil
parameters for their vertic soils.

From a theoretical perspective, Or et al (2000) developed a stochastic model that
coupled probabilistic poresize distributions with physically based deformation using the
Fokker-Planck (advectiondiffrusion type) equation. The porespace evolution model
provided changes in the total porosity, mean pore radius, and variance of the poresize
distribution. Furthermore, changes in the soil structure caused h’ wetting and drying were
shown to afthet the soiEwater retention and hyclrauhc conductivity curves. Recently, Leij
et al 2002a.b) derived analytical solutions to the equation using known

temporal functions for the drift. Such mechanistic approaches are very much needed to
tiurther improve the prediction of 0(h) and K(h changes due to i Ilage and reconsolidation
in real soils. Further research is needed to drue the temporal behavior of reeonsolidanon
with basic data. such as rainfall timeseries,

2 . JI!age of cis elm i’’ crzlcr!ng. 000gn,as.s ,lild ,k[(’l?tIofl totage

Raintáll on a fleshly tilled soil may result un the formauon of a thin hut dense. surfOce
seal crust (Duulec, I 930) the most mpousarut h drauluc parameter of the crust is its K.
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rainLill pe: an hor:zontzii ra. Linden also related thc term e stRJi to the indon
ron .! ness

Surface muChness affects the hydraulic res 1 tee to ot erland flow, tmanNient flow
depths. and the amount of rainfall or imgation kept in suribee detcnnon storage, which can
atit’ct the cumulative infiltration at a point in the landseape Tillage initially increases
surtbce roughness, which is a function of the implement used and the soil mechanical
condition at the time of tilla.ge.. Based on. ex.perience and sumac limited data. Williams et al,
1984) assigr.ed poteni.is.l random roughness. RR, values to 23 different tiliage impie

merits, The value of R.R. immediately after tiliage was then predicted from:

RR1.7 RR0(

vuhere RR1 is the potential RR. fbr an implement i, T is its tilla$e intensity, and RR0 is the
RR before tillage Onstad et at (1984) modeled the degradation of RR with rainfall after
tillage using an equation similar to Eq. (3). but with a different constant.

The surface detention storage is a function of the surface roughness and may be derived
assuming an appropriate representation of the geometry of the depressions. fluting and
i3radtard (1990) used Markov-Gaussian random fields to represent microtopography. The
resulting detention storage decreased as the mean slope increased, Further work is needed
to include connectivity in roughness patterns and its effect on surface detention storage.

3. Mechanical compaction

Mechanical loading of soils under vehicles used thr management practices can compact
the soil, causing increased bulk density, decreased porosity. and altered pore shapes and
‘oze distributions Warkentin .1974). Changes in these basic soil properties change the soil
s aler retention and hvdmaul tc conducti\itv characteristics, and chanees in these hydraulic
owperties affect the amount of intiltration and available soil water.

The amount of soil eompae.tton depends on the applied load, soil ts pe and water status,
110 I ,..“ “ t1Ut I Iflt’ ,
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13cipiinin ci ai. I -i0i presented detai ed waler retention curve. and k data for whee
track and notrack areas under field conditions bar three different sotl types. There ts a
need br more data of the type collected by l3enjaniin ci 31, 1 ‘3btD to quaritit the ef1tsof
wheeltrack compaction in the Central ireat Pkiins of the USA usine robust, practical
approaches. Recently, we measured the eftects of wheel tiack at di b’ierent landscape
positions on soiUwarer retention and K, in selected plots of two Iongterm field studies of
alternative crop rotations in eastern Colorado. At a farm near Sterling. CO (Peterson et a.L,
2000). crop rotation treatments .run down a soil catena through summit. si dmsiope and toe
slope topographic positions. The soil texture varies from sandy loa.m at the sum.mit to
sandy clay loam, at the toe slope. Four cores from eac.h landscape position and wheel4rack
or no4rack. area were co.l.iected iii. the wheat4kll.ow rotations (two replications). Sim.ilar
core samples were also collected from the second study site in Akron, CO. on a silt loam,
Soil cores were analyzed in the laboratory for K using a constant head method, and for
water retention using pressure plate and chamber methods,

The modified Kozeny—Carman equation relating K to effective porostty (Eq. (5)) has
been shown to apply to a wide range of soils t Ahua et al,, 1984. I 9%9a. and was applied
here to both vheeUtrack and notrack data tbr K, from the tolorarlo studies Fig, 3 .i. There
is lame variability in K,, hut no sitinificani difference. in mean values between wheelarack
irid no ii ILk in, is It is in1eTIstIn, 10 note th it in both sites the /L k iii F i, d ha ire
described quite well bs the renressiori equation derived earlter t Ahuia ci .il.. I 989a.b) for
nine other, totally unrelated soils.

2.64
•n-,

Wheel Track, Storllng
No-track, Sterling

= 764,5 4329

Wheel Track, Akron
a No-track, Akron
A Data tram Iowa

1.0 A

..
a

rn-i a
a

S
a

S

—. a

S



The a etar,’e water retention curses lot each landscape position and treatment of the
Sterling site are shown ru F ie. 4 The figure shows results from tss o replications. There i

rIO CO.fls istent difference between wheel—track and no-track, areas .tlr either replication., and
the landscape spa..tia.l variabi.l ity masks. any difièrence betss een treatments. The average soil
bulk densities fir wheel-track. ar.d no-trac.k cores from Sterling were 1,36 ± 0.07 and
1,33 ± 0.,09 g cm , respectively (p . 0,086), The water retention data from the Akron site
averaged separate.ly over wheel—track and no-track areas demonstrated ii.ttle or no
omp itton eflects on as uI ruennon (plot Oc 0 hoas n) The is Cr r. aoll bulk dcntta
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Flu, 6, Fitted slopes versus soil hulk. density from the water retention curves in 1: 5, Slope.s were estimated from
the log log so,Fwater retention c.urves between 100 and 1500 kPa of matric suction.

aggregate rejoining by capillary forces and strain due to both steady and transient (e.g.,

cyclical) stresses. The authors also gave an illustrative application of the theory; they
pointed to the promise of upscahng the microscale results to an aggregate bed.

For the analyses and predictions presented above, we assumed that the soil bulk density
and porosity of the compacted soil were known. Theoretical approaches are available to
estimate hulk density under wheel tracks, based on the knowledge of soilwater content,
soil mechanical properties, and characteristics of the vehicle creating wheel tracks.
Defossez et al. this issue) give details of this approach.

4, Crop rcsi(Iue management

Studies of the dtrect effects of crop residue management on soil hydraulic properties

and processes have tdcused on the use of surface residue to control soil crustin or sca)in.
1 1 ,t ,t 1 1 t ,

tdc iwrt,,, v’ us, tsJ is., tr L, ,.n ot t c

sot.) tutake) rates wtth two surface covers (st.raw and burlap), wiotcil subseauentiv were

to all o us the anti. to seal, thus deereaainn the infiltratIon

conducted numerteal esperiments of the effects of revtduc cover and

a te(i surface scot n on twow.nmeusiot’iat trIll itratlo fl. F rop rc.stuue was assu med to

occttr tn distinct. t:osniar atehes beneath. which the hydraulic erndttetis tvs’ f t.he surface

was itt unto med at its ot’ithnal value, ansi bare soil areas were assu.n.’cd to sei.d

‘,arosris ifactions of the satutotted t2=fa,l, s.onduetR t. Tue results were =cns.ttx e to the

which. is. es.msrsten.t wht.l.s the bnditss ‘ •. ... . ts.’.,t’ ctstt:ctn, Roan ct

also shower! that onedtrnenstonal tmuIattons is ttb o ettohied us crane /f. of the surface
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.Fi, 7. hiustrat ion of the effCct of soil cmstiog (seal loOt on hrfiitration in relation to surface’ rosidue cover (from
Dolev, I 939 wth nermission from SSSA7

seal over the whole area were similar to the two-dimensional results lbs till hut complete
sealing of the non—residue areas , Model results s ere compared with available results from
field studies for corn anu cotton residues , U

Lascams. I I as shown in t—iu. , It is ;nteresting to note that the corn and cotton results
coalesce when cvpressed as a function of percent residue cover, and the one—dimensional
model predicts both held data sets.

Additional held experiments have been conducted on sv heat—fal lo svswms in the
Great Plains of the LSA Lircb ct at , I . Smika and \\ ick s. I 9fiX: tanaka and Aase,
h’.: Peterson et 01.. 1 ,9fit. foe. ‘I ( NcIscn. dt)t),7) shows the combined effects of residue
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Fig. 9. Precipitation storage efficiency versus (a) tillage method based on wheat-fallow systems in Colorado and

Nebraska (data from Smika and Wicks, I 968) and in Montana (data from. T9.naka and Nase, 1 987) and (h) residue
leve I (data from Gvb ci a.L, 1967). Figure taken from Nicken (20028

managets cut and tillage method on precipitation stored in the soi I. The results f residue
effects are quali.tatively si.milar to the numerical experiments of Ryan g ()01) in that
the response to resi.due cover is greatest initially (steepest change for low resid.ue levels)
then approaches some asymptotic value (Figs, S and 95

in the longrterm, the crop residue.s mci-ease organic matter content of the surface soil,
and in nonlurcttot, vith biological activity Ic g Irthar I rn 714) momty es
hulk density, aggregat.ion, and hydrau.lic properties. i. 1, presented current
models to simulate decomposition of su.rface .residue as a fu.nction of C/N ratio, air
ten perature, and rainfall amount. Further work i.s needed to p.redi.ct and. simulate, the
effects of residues.

5 Additional work and challenges f prediction

Several. cha.llenges and. needs for further researc.h have been hi.ghlighted in the
5cctton ahos The ollowing scction resicws studes that may he vtcvsd as th5. first
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mtnavement pract ices atfecting sot! inacropoies di1c’4d O\ thee ffccts at mtetacnons
between some of the anag.ern.ent prae.tices rev\v ahwa. in addition to manage
nent interactions. th.ere are intcrac.tion.s with natural landscape variability and other
(actors.

Most natu.ral soils contain some mac.ropores. Water flow and t.ra.nsport in soils
containing a netwo.rk of rnacropo.res open at the soil surface can differ subs.tantially from
predict.ion.s for soils without c.o.nnected macropores I..ht.; r5... ides it

and (3cm .1.982; White, I 985; Heathman ci at, I 45). Macropores tErmed by
earthworms and decayed plant roots can be preserved in a no-till soil and afflict
infiltration (Edwards ct at, I 979; Scatter tind Kan.chanas.ut, 1981: Dic.k e.l al,, 1989).
Conventional tillage, on the other hand, tends to destroy the continuity of macropores in
the topsoil. Thus, water movement from the soil surface to mac ropore channels in the
subsoil is reduced. )idss.n

\iacropore volume is generally a small fraction of the soil volume (0,001 to 005),
hut in. contribution to ponded infiltration can be very hinh .

. 1455; \i,atco and

Luxinoic, 118(t). Watson and Luxmore (1986 have used the difference beeen
pouded xero tension) and 3—cm tension infiltration rates to estimate macropore
volume and hydraulic conductivity. In that case, the lower limit of macropore
equi\ alent diameter was 1,0 mm, hut there is no unique basis bar selecting a par
ticular size, despite attempts to establish size classes br micro-. meso- ,and macropores

rcpoiicd alucs ranging horn SO tim to
3 (1 mm.

Root ross Ili nay decrease pondcd inliltration rates initially, but decomposition at

roots leaves channels dr macroporcs that can tncrease inti ltratioit Iar5-s, 14
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tracer, and toun&i ‘nIicant eftects uI t due and related earthworni acm liv on dcc

concentrations teloa 2u cm. an an, a o’n also tound that a d\ e solution

intilnatcU laNief rOE no-tilt anU linac tatnients 0 esreuc lain T.r’r otit ireatnenis.

but tnere \ere no signilmeant ditlerenees bet’. ecu treatments for the steads intiltratton

rates, Othe in haalso investigated rcsdun-related ea.rthworn eflhcts on nater how

and chenical transport chmann al., hm.ann arid Lmden, I. nan: LU vaa.rd.s
a. . ,.

,, . Q9 •.• a.: and

.K.ar.lcr ct I. ( 994) measured l.ong’terni e.fkc.ts of residue cover on earthworm
populat or in C 0, evo1nton n e 4mbin a on with eFfects on soil nag en hot and

hulk density. These types of studies could be further evaluated and used to develop
predictive. .models of such biological process effdcts on mac.ropore transport.

To inve.stigate the effects of macropores and soi.l aggregates on (conservative)

chemical tra:sport. Heathnia4 a). (.19.0 conducted laboratory experiments on soil
columns using surface application of a Bromide tracer. AhuJa ct al. 11 n9r quantified

these experiments usmg a one—dimensional transport model included in RZ\VQM huja

at a 9, 2uti. :--;g. Wa,b shows the effects of surthce aggregates in the absence of
macropores on the distribution of tracer concentration with depth. The aggregates

retarded c ertical transport rates, reducing the peak concentration and depth, while

caustne, a tail of ttieasurable concentrations near the surliice, includes the

effects of macropores in both cases (with and without aggregates). micropores

enhanced vertical transport arid reduced the peak concentrations. Rapid. deep transport
below the main wetting front was obser ed and simulated only in the presence of
ut F iL i._.j it d uL t mix n,_ ot hi um uth IlL Id in the -a_.jt itL” mth p ndrl ltd

that subsequently flowed through macropores Simulated results matched the measured
eoncenmratioiw II. and .‘ . . . identitied m.he critical calibration parameters

including correction tactors to K. (due to scous resistance and entrapped art and
absorption (dte toeompaction along rnaeropore walls), a mixing parameter. an.d the
microporosity of the surface (1 c.m.) layer.

The aboc results .stron.gly indica.te that future research. must take into aec ount multiple
management interactions in devising process•-Cased predictions of management effects.
Interactions with landsc.ape factors rnu.st also he considered ex.plicitly.

In al.I of these studies, tb.e re.sults may be affected by the methods used to estimate
hydraulic properties. Mechan.ical compa lion an.d methods of wetting (full saturation
from the top or part ial saturation from the bottom of cores, in th.e laboratory) were
shown to affbe: the estimated water retention using a direct evaporation method in. the
i.aboratory comoared with i.nverse modeling ot field measurements tIe aa.rd at I.,
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6. DIscussion and snnmiarv

We have provided an overvew of the advances and c.halle.nges i.n quantifVi.n.g
agricultural tnanagemer.t effects on soil hydrau.lic properties part.iculaiy re.ievant to
temporal. hut also spatial, variability. Despite a shortage of InvestigatIons direct.lv
addressing our topic, we have identified a number of studies quantifying management
effiacts o.n at least. a fhw basic soil properties, and: t.heir .ndeva.nce to m.ore detailed
c.haracterizatton of soil hydraulic prope.rti.es and processes.

E.xperimentai results from fie..id and laboratory studies do not support consistent et.tects
of management on soil hydraulic properties. Controlled equipment traffic. has been sh.own
to have sig.nifi.cant effec.ts on soil con.ipaction and related hyd.rauiic. properties on som.e.
soils, but on others, landscape and temporal variability ove.rtvhelm an.y effects of wheel
trac.k.s, These contradictions need to be. resol.ved based on basic prin.cipies.

The .literature de.monstrates an awareness of i.nteractions between management practi
ces, as well as some apprec.iation of the complexity of spatia.l and ten’ipo.ral variabiiit.y.
However, quantitative altro.rithms for computer simulation are scarce and typically limited
to the short-term effects of tillage. on soil hydraulic p.roperties.

Spatial and temporal variability have often overshadowed any measured differenc.es
between management treatments, Most tillage practices .h..ave pronounced short-term
effects on soil hydraulic properties immediately following tiliage application, as expected,
but these effects can.. diminish rapidly (even after the first wetting/drying cycle). Long-
term effects on the order of a decade or more are less pronounced and often impossible to
distinguish from natural and unaccounted management-induced variability. Furthermore,
soil type and climate affect the patterns of management-induced temporal changes, and
landscape position affects the magnitude and pattern of temporal variability,

Future work should aim to quantify process interactions, and experimental designs
must consider the dominant factors affecting soil hydraulic properties. Such research will
help us develop improved predictive equations and more robust computer simulations,
carefully tested against f.i.eid data, The application of su.ch predictive tools could provide
valuable aid to producers and conservationists,
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